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RESUMO 
 
 A região da cabeça e pescoço são frequentes alvos de disparos de 
projéteis de arma de fogo e o osso temporal é uma área que se destaca pela alta 
incidência destes ferimentos. Ferimentos de entrada e saída de projéteis em ossos 
planos do neurocrânio apresentam características específicas que permitem a 
diferenciação das mesmas. O conhecimento dessas características se faz muito 
importante na prática forense. Assim, o objetivo deste estudo foi simular e analisar o 
impacto de projétil de arma de fogo na região do osso temporal por meio da análise 
de elementos finitos a fim de descrever a morfologia e a mecânica da lesão de entrada 
produzida por este projétil. Na simulação, foi considerada um tiro a curta distância (10 
cm) com incidência perpendicular. A imagem tridimensional, em formato 
esteriolitográfico (STL), de um crânio humano seco foi obtida no software Mimics v18 
(Materialise, Bélgica), e no software Rhinoceros 5.0 (McNeel & Associates, EUA) 
foram obtidas as geometrias do crânio e dos projéteis. Em seguida, no software Ansys 
v17 (Ansys, Inc., EUA), foi realizada a construção da malha tridimensional de 
elementos finitos, a simulação dos disparos e a análise dos resultados. Após a 
simulação dos disparos, foi possível avaliar a morfologia das feridas pela destruição 
da estrutura óssea e avaliar a dissipação de energia pela estrutura óssea. Os 
resultados mostraram que as feridas causadas pelos diferentes calibres apresentaram 
um diâmetro menor na superfície externa comparado à superfície interna e 
apresentaram um bisel na cortical óssea interna. Os três calibres provocaram feridas 
circulares, porém a causada pelo calibre de 9mm foi a mais irregular. A dissipação de 
energia foi semelhante nos três casos, mas o calibre .40 apresentou maior intensidade 
de tensão (110,3 Mpa). Conclui-se que as simulações realizadas possibilitaram 
caracterizar as feridas causadas por três diferentes projéteis de arma de fogo (9mm, 
.40 e .380) no osso temporal, onde apresentaram formato arredondado e regular, com 
diferenças de contorno entre as três e com tensões semelhantes nos três casos, com 
distribuição na superfície adjacente à ferida, e perda de intensidade conforme o 
distanciamento da área da ferida. 
 
Palavras-chave: Crânio. Balística forense. Análise de elementos finitos. Morfologia. 
Osso. 
 
 
 
 
 
ABSTRACT 
 
 
 The region of the head and neck is often under firearm projectiles and the 
temporal bone is an area that presented the high incidence of these injuries. Entrance 
and exit wounds of projectiles in neurocranium have specific characteristics that allow 
differentiation of them. The knowledge of these characteristics is very important in 
forensic practice. The aim of this study was to simulate and analyze firearm projectile 
impact on region of the temporal bone by finite element analysis to describe the 
morphology and mechanical stress produced by three projectiles. In the simulation, we 
considered a shot at close range (10 cm) with perpendicular incidence. The three-
dimensional image in steriolitograph (STL) format from a dried human skull was 
obtained in Mimics v18 software (Materialise, Belgium) and Rhinoceros 5.0 software 
(McNeel & Associates, USA) geometries were obtained from the skull and the 
projectiles. In Ansys v17 software (Ansys, Inc., USA), the construction of the finite 
element mesh, the simulation of the shooting and analysis of results were performed. 
After the simulation of firing, we evaluated the morphology of the wounds by the 
destruction of the bone structure and to evaluate the energy of dissipation by the bone 
structure. The results showed that the wounds caused by different calibers showed a 
smaller diameter compared to the outer surface and inner surface presented a bevel 
morphology on the inner cortical bone. The three calibers of the projectiles caused 
circular wounds, however caused by 9mm caliber was the most irregular. The 
dissipation of energy was similar in all three cases, but the .40 caliber had higher stress 
intensity (110.3 MPa). In conclusion, the computational simulations possibilite to 
characterize the wounds caused by three different firearm projectiles (9mm, .40 and 
.380) in the temporal bone, with rounded and regular format, with differences between 
the three contour and similar stress in all three cases with distribution on the surface 
adjacent to the wound with loss of intensity as the distance of the wound area. 
 
Keywords: Skull. Forensic ballistics. Finite element analysis. Morphology. Bone. 
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1 INTRODUÇÃO 
 
 
Segundo a Organização Mundial de Saúde (Who, 2001), a violência não é 
simplesmente um mal social ou um problema judicial, é um importante problema de 
saúde. Dados globais sobre o impacto das armas de fogo de pequeno porte sobre a 
saúde dos indivíduos sugerem que centenas de milhares de pessoas são mortas por 
ano por armas de fogo. 
A análise de trauma esquelético é um aspecto importante do trabalho 
forense (Quatrehomme e Isçan, 1998a). Nos ossos, algumas características 
específicas distinguem as feridas de entrada e de saída, especialmente em ossos 
planos do neurocrânio. Uma entrada típica tem uma aparência externa limpa, 
arredondada ou oval e circunscrita, com bisel interno na lâmina cortical óssea interna. 
A saída é, muitas vezes, mais irregular, mas quase sempre maior do que a entrada. A 
saída também exibe uma aparência interna arredondada e circunscrita com bisel na 
lâmina óssea cortical externa (Quatrehomme e Isçan, 1998b). O conhecimento das 
características que diferenciam um ferimento de entrada de um ferimento de saída é 
muito importante no campo pericial, o que também corrobora para o estabelecimento 
de um padrão das lesões produzidas por arma de fogo.  
 A região da cabeça e pescoço é uma parte exposta do corpo, sendo uma 
área comum para localização de ferimentos causados por projétil de arma de fogo, 
incluindo tanto ferimentos auto infligidos quanto causados por outra pessoa (Tang et 
al., 2012a). No Município de São Paulo, no segundo semestre de 2001, dos homicídios 
por disparos de arma de fogo, em 68,9% a cabeça foi atingida (Gawryszewski et al., 
2005). Na Grécia, 370 casos de morte por ferimentos de projéteis de arma de fogo, 
ocorridos entre 1996 e 2001, foram analisados e a região anatômica mais atingida 
também foi a cabeça (44,5%) (Papadopoulos et al., 2013). 
 Para mapear a localização anatômica dos ferimentos por projéteis de 
arma de fogo na cabeça de soldados mortos em combate, foram analisados 
retrospectivamente os relatórios de autópsia de todas as Forças de Defesa em 
combates israelenses nos anos de 2000 a 2004, na Segunda Guerra do Líbano 
(2006), e na Operação Chumbo Fundido (2009). Foram encontrados 76 ferimentos de 
entrada na cabeça em 49 casos de morte. A região do crânio mais atingida foi a 
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temporal (29%), seguida das regiões occipital (26%) e parietal (26%), e por último a 
região frontal (19%) (Ran et al., 2010).   
 A região temporal é frequentemente alvo de projéteis de arma de fogo. 
De 181 pacientes da Santa Casa de São Paulo vítimas de traumatismo crânio-
encefálico por projétil de arma de fogo, no período de janeiro de 1991 a dezembro de 
2005, as regiões encefálicas mais acometidas foram o lobo frontal (27,6%), seguido 
pelo temporal (24,86%) e occipital (16,57%) (Souza et al., 2013).  
 Em 157 casos de feridas de arma de fogo na região da cabeça e pescoço 
auto infligidas nos Estados Unidos entre 2002 e 2012, as regiões acometidas foram: 
temporal (77), frontal (13), intraoral (35), submentual (28) e pescoço (4) (Murphy et al., 
2015). 
Como a região do osso temporal é uma área muito atingida por disparo de 
arma de fogo, estabelecer um padrão de lesões de entrada neste osso é importante 
para simular os riscos para a saúde do indivíduo e questões relativas à prática forense 
por um método não invasivo. 
 O método de elementos finitos é uma análise matemática muito utilizada 
na área da engenharia e tecnologia e que se tornou uma ferramenta analítica eficaz 
em pesquisa biomecânica, e tem sido amplamente usado em diferentes áreas da 
medicina e da odontologia. A medicina baseada em simulação e o desenvolvimento 
de modelos tridimensionais computacionais complexos de estruturas de natureza 
biológica tem se tornando onipresente no avanço da engenharia biomédica e pesquisa 
clínica. A análise de elementos finitos tem sido amplamente utilizada nas últimas 
décadas para compreender e prever fenômenos biomecânicos. Modelos de elementos 
finitos fornecem ferramentas interessantes para as ciências forenses quanto a 
mecanismos de lesões na cabeça que ainda necessitam ser explorados (Raul et al., 
2008; Erdemir et al., 2012; Tang et al., 2012b).  
 Tang et al. (2012a) desenvolveram, a partir de uma tomografia 
computadorizada, um modelo de elementos finitos de uma mandíbula humana. O 
mecanismo pelo qual um tiro fere a mandíbula foi simulado dinamicamente sob 
diferentes condições de tiro, usando dois diferentes projéteis em três ângulos de 
entrada e três velocidades de impacto. As distribuições de tensões em diferentes 
partes da mandíbula após a lesão também foram simuladas e os autores perceberam 
que a gravidade da lesão na mandíbula e a eficiência de lesão dos projéteis 
distinguem em diferentes condições de ferimento. Estes autores concluíram que o 
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modelo de elementos finitos tem muitas vantagens para a análise de feridas por armas 
de fogo. 
 Segundo Tang et al. (2012b), modelos de elementos finitos podem se 
tornar ferramentas de pesquisa ideais para o planejamento cirúrgico e tratamento de 
feridas por armas de fogo na região maxilofacial humana. Estes autores analisaram 
um modelo de elementos finitos de uma mandíbula humana obtida a partir de uma 
tomografia computadorizada para analisar feridas por arma de fogo, a distribuição de 
tensões e o grau de lesão.  Foram simulados dinamicamente para tiros a partir de dois 
tipos de projéteis na mandíbula em um ângulo de entrada e em três velocidades de 
impacto.  
 De acordo com Matoso et al. (2014), em balística forense, a pesquisa com 
modelos de elementos finitos pode reproduzir condições biomecânicas 
computacionais, sem comprometer a bioética, por não envolver testes em animais ou 
humanos. Os autores realizaram um estudo com o objetivo de comparar as 
morfologias dos orifícios de entrada de feridas por armas de fogo causados por 
projéteis dos calibres .40 Smith & Wesson (S & W), .380 e 9x19 mm Luger. Um crânio 
e os projéteis foram reproduzidos em modelos de elementos finitos e os tiros foram 
disparados computacionalmente de uma distância de 10 cm, na glabela com 
incidência perpendicular. Os resultados mostraram diferentes morfologias dos orifícios 
de entrada produzido pelos três projéteis, usando o mesmo crânio e a mesma 
distância do tiro. 
 Costa et al. (2017) realizaram um estudo para avaliar o impacto de 
projéteis de arma de fogo de três calibres diferentes (.40 S & W, .380 e 9 mm) na 
mandíbula através da análise de elementos finitos. A morfologia dos ferimentos de 
entrada na superfície externa foi avaliada. Cada projétil apresentou diferentes padrões 
de ferimentos e dissipação de energia, o calibre .40 S & W foi o que mais afetou a 
mandíbula. Os autores concluíram que os modelos de elementos finitos são úteis para 
casos forenses que envolvem tiros na mandíbula. 
 Pode-se verificar na literatura estudada que a análise de elementos finitos 
pode ser entendida como uma tecnologia promissora para avaliar a consequência de 
um ferimento por projétil de arma de fogo, como nos casos em que não é encontrado 
projétil no local de crime, e para futuras pesquisa em balística.  As vantagens da 
análise de elementos finitos são a fidedignidade na representação de estruturas 
anatômicas nos modelos tridimensionais e a facilidade de armazenamento e 
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reprodução dos dados, além de não comprometer a bioética, por não envolver testes 
diretos em animais ou humanos (Matoso et al., 2014; Costa et al., 2016).  
 Com o interesse recente pela análise de elementos finitos na balística 
forense, tanto para o tratamento cirúrgico de feridas de arma de fogo quanto para o 
campo forense, o estudo computacional da análise de elementos finitos das feridas 
por arma de fogo no osso temporal mostra-se relevante, já que é uma estrutura muito 
atingida na região maxilofacial. 
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HIGHLIGHTS 
• Dynamic simulation of firearm projectile’s impact on temporal bone by finite 
element analysis. 
• Three projectiles of different calibers were used (.40 S&W, .380 and 9619-mm 
Luger). 
• We verified the morphology of the wounds and the destruction of the bone 
structure. 
• It was possible to evaluate the energy dissipation by the bone structure. 
• The energy dissipation was higher with the .40 S&W bullet. 
 
 
ABSTRACT 
This study simulated 10-cm firing distances at a human temporal bone to 
investigate the morphology and the energy dissipation of entry wounds using a 
dynamic simulation by finite element analysis. The skull’s geometry was constructed 
from bone surface tomographic images of the human skull, and the geometries of three 
projectiles (9619-mm Luger, .380-caliber and .40-caliber Smith & Wesson bullets) were 
obtained using 3D Rhinoceros 5.0 software. The calculated geometries were imported 
into Ansys v17 software to construct three-dimensional finite element mesh, apply the 
kinematic conditions of the projectiles, perform mathematical solutions and analyze the 
data. The distance between the temporal bone and the bullets was equal to 10 cm in 
each simulation. The authors found that the maximum intensity was lowest in the 9 mm 
caliber (96.86 MPa), greater in the .380 caliber (108.4 MPa) and greatest in the .40 
caliber (110.3 MPa). Thus, the computational simulations contributed to the 
understanding of wounds caused by the three different firearm projectiles (9 mm, .40 
and .380) in the temporal bone. 
Keywords: ballistic forensics; finite element analysis; skull; temporal 
bone; morphology. 
 
INTRODUCTION  
Gunshot wounds (GSW) have become one of the major causes of morbidity and 
mortality in the world [1]. The head and neck are usually the most affected regions of 
firearm injuries [2,3]. In the head, the temporal bone region is an area with a high 
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incidence of entry wounds from firearm projectiles, both self-inflicted and inflicted by 
others [4,5,6].  
The analysis of skeletal trauma is a relevant aspect of forensic cases [7]. In the 
case of GSW in bones, for example, there are specific features that distinguish entry 
and exit wounds, especially in the skull. A typical entry wound has a clean external 
appearance, either round or ovoid, with internal beveling of the inner table. The exit 
wound is more irregular and is almost always larger than the entry wound, with external 
beveling of the external cortical bone tissue [8]. 
 In 2001, Gawryszewski et al. (2005) [2] analyzed homicide data in São Paulo, 
Brazil, and concluded that the most affected anatomical region was the head (68.9%). 
Specifically, the temporal region was often affected by firearm projectiles. Souza et al. 
(2013) [5] evaluated the medical records of 181 patients from Santa Casa Hospital in 
São Paulo from January 1991 to December 2005, particularly victims of head injuries 
due to firearm projectiles. The most affected brain regions were the frontal (27.6%), 
temporal (24.86%), and occipital (16.57%) regions. Murphy et al. (2015) [6] analyzed 
157 cases of gunshot wounds to the head and neck in the United States (between 
2002 and 2012) and the primary affected regions were as follows: temporal (77), frontal 
(13), intraoral (35), submental (28) and neck (4). 
Medicine based on computational simulations and the development of complex 
computer models of biological structures have become advancements within 
biomedical engineering and clinical research [9].  
Finite element analysis (FEA) can provide the ability to precisely measure the 
energy delivered to bone tissue, which may correlate with the degree or patterns of 
biological tissue injury [1].  
Finite element (FE) models provide interesting tools for forensic scientists when 
injury mechanisms related to the head need to be evaluated [10,11] for criminal 
investigations [12]. The establishment of a 3D model for FEA can provide a basic 
understanding of the ballistic behavior of projectiles or fragments after entering the 
human body via the head and neck. This model could also help surgeons anticipate 
the diagnostic and therapeutic consequences of this type of injury, a maxillofacial 
gunshot injury, and quickly evaluate its severity, allowing them to provide guidance for 
the treatment and repair of damaged tissue. The 3D model can also be used for 
forensic investigative research into technology and equipment that protect against 
GSW and reduce the maxillofacial tissue damage that is caused by gunshots. The 3D 
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model could also help resolve many of the forensic investigation’s questions such as 
the size of the projectiles, the firing direction, velocity, and the energy inflicting the 
injury [13,14]. 
Previous studies [12,15] from our research group have shown that the 
successful establishment of the FE model will provide a new and effective method for 
studying the injury mechanisms of GSW to the maxillofacial region and, more 
generally, to the head and neck. In this study, we developed an FE model of a human 
skull and projectiles. This study simulated 10-cm firing distances at a human temporal 
bone region using .40-caliber Smith & Wesson (S&W), .380-caliber and 9x19-mm 
Luger projectiles to investigate the morphology of entry wounds based on this firing 
range using a dynamic simulation by FEA. 
 
MATERIALS AND METHODS 
This study was approved by the Committee of Research Ethics of the University 
of Campinas (Protocol number CEP-FOP-UNICAMP-036/2014) (ANEXO 2). 
 
Skull and projectiles geometry construction 
The skull geometry was constructed from bone surface images of the human 
skull (from an unidentified cadaver, male sex), which were acquired using computed 
tomography scans (GE HiSpeed NX/i CT scanner, General Electric, Denver, CO, USA) 
at a 0.25-mm slice thickness. The anatomical structures were segmented, and a 3D 
image of the skull’s surface was obtained and exported into a stereolithographic (STL) 
format using the Materialise MIMICS v17 software (Materialise, Leuven, Belgium). 
 The skull STL was imported into the 3D software Rhinoceros 5.0 (McNeel & 
Associates, Seattle, WA, USA) by which the skull’s geometry was acquired using the 
reverse engineering method. The geometries of the three projectiles (9619-mm Luger, 
.380-caliber and .40-caliber S&W bullets) were obtained using 3D software Rhinoceros 
5.0 (McNeel & Associates, Seattle, WA, USA) (Figure 1), from technical and 
confidential parameters provided by “Companhia Brasileira de Cartuchos” (CBC, 
Ribeirao Pires, SP, Brazil). 
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Figure 1. Anterior view of the skull’s geometry. The distance (10 cm) of the 
projectile is simulated with its impact in the temporal bone. In this figure, we represent 
the 9 mm projectile. 
 
Finite element model construction 
The geometry of the human skull was imported into Ansys v17 software (Ansys, 
Inc., USA). We constructed the three-dimensional finite element mesh, applied the 
kinematic conditions of the projectiles, performed mathematical solutions and analyzed 
the data. 
The finite mesh presented the tetrahedral elements of the skull (Figure 2) and 
of the projectiles’ (Figure 3) geometries. For better accuracy, we refined the mesh in 
the region of interest, referent to the impact of the projectiles (Figure 2). The element 
quality (q) evaluation using mesh metrics in ANSYS software revealed q = 0.81 (SD = 
± 0.10), with q=1 as the best possible score.  
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Figure 2. Finite element mesh of skull. Note the refined mesh in the region of interest. 
 
 
 
 
 
 
 
 
 
Figure 3. Finite element mesh of the three projectiles’ geometries. A) 9 mm; B) .380; 
C) .40. 
 
All of the structures were considered linear, elastic and continuous. The bone 
structure and the projectile material were considered isotropic. These properties were 
in agreement with the elastic modulus values (E) and Poisson's ratio (v) of isotropic 
structures. The mechanical properties of the projectiles and finite element model of the 
bone were reproduced with previous data through computational dynamic analysis 
(Table 1). 
 
Table 1. Mechanical properties of bone and projectiles used in the finite 
element model. 
 
Mechanical properties Bone              .380; .40 S&W; 9 mm Luger 
  
      
Jacket Cub 
 
Core Pb (99%) / Sb (1%) c 
Young’s modulus (GPa) 14 a 115 14 
Poisson’s ratio 0,3 a 0,3 0.38 
Shear modulus (GPa) 5.3846** 46 8.6 
Bulk modulus (GPa) 11.667** 129 - 
Density (Kg/m3) 1850** 8960 11340 
Heat transfer (J/Kg.uC) 440** 383 124 
A 
A B C 
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Tensile Stress failure (GPa) 0.133** - - 
Shear Stress failure (GPa) 0.067** - - 
 
a Wroe et al. (2010). [16] 
b Copper (Cu) alloy UNSC23000 Matoso et al., 2014) [12] 
c 99%Lead (Pb)/1%Antimony (Sb) alloy UNSL52605 Matoso et al., 2014) [12] 
d Copper (Cu) alloy UNSC22000 (Matoso et al., 2014) [12]. 
**MatWebDatabase [17] 
 
Dynamic simulation characteristics 
Shooting conditions 
In the dynamic simulation, we considered a placement in which the victim is 
standing with his head parallel to the ground and looking straight ahead, while the 
attacker is standing next to the victim. In this situation, we considered the projectile to 
enter perpendicularly to the skull in the temporal region. The following shooting 
conditions were considered in the simulation: (a) caliber of the firearm and (b) firing 
distance. 
The firing was simulated at a distance of 10 cm, and three different calibers of 
projectiles were used (9619-mm Luger, .380-caliber and .40-caliber S&W bullets). 
In the loading conditions, we used velocity, angle and distance of the bullets. All 
of the data were processed using a workstation Supermicro Intel Xeon Eight-Core E5-
2630 v3 2.4Ghz processor, 16 GB Random Access Memory and video card NVIDIA 
Quadro K2200 (4 GB memory) to perform the explicit dynamic analysis in Ansys 
software.  
The variable considered for projectile interference was the force of gravity (9.8 
m/s²). The velocity values (output of the barrel and target range) were used according 
to CBC specifications (2011) for the projectiles, 9 mm Luger – fully metal-jacketed 
round nose, .380 ACP – fully metal-jacketed round nose and .40 S & W - Fully metal-
jacketed flat point. The values were 343 m/s, 288 m/s and 300 m/s for 9 mm, .380 and 
.40, respectively.  
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We defined the distance between the temporal bone and the bullet as 10 cm in 
each simulation (Figure 1). This distance corresponded theoretically to the virtual 
space between the gun’s muzzle and the bone, focusing on a shot at close range. 
Data analysis 
The data from the simulation were expressed as von Mises stress. Included in 
the von Mises stress were the residual velocity, transferred energy from the bullet to 
the temporal bone, and surface area of the GSW beveled entrance. The transferred 
energy from the bullet to the temporal bone was determined using the formula:  
𝐸𝑘 =
1
2
 𝑚𝑣² 
where m is the mass of the bullet and v is the velocity.  
The von Mises stress criterion was the stress caused by the energy flow along 
the material which received the load. The stress dissipated through the material, 
causing a deformation until a critical resistance condition was reached, causing failure 
[12]. 
 
Morphological characteristics of the wounds 
From the impact of the projectile and the surface of the temporal bone, we 
evaluated the wound morphology for the destruction of the bone structure.  
The von Mises stress was used to characterize the energy distribution to the bone 
structure.  
The three GSW caused by the different calibers showed a smaller diameter in 
external surface compared to the internal surface. This effect was caused by energy 
dissipation in bevel morphology.  
In relation to the wound patterns of the simulations, the patterns were similar 
and typical among the three projectiles and presented beveled entries with circular 
aspects, but they presented differences in the regularity of the boundaries (Table 2).  
 
Table 2. Morphological and morphometric characteristics of the wounds.  
Projectile caliber Wound 
shape aspect 
Horizontal 
diameter (mm) 
Vertical diameter 
(mm) 
9 mm Luger Rounded 17.71 16.8 
.380  Rounded 15.59 15.48 
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.40 S & W Rounded 18.23 18.15 
 
 
The wound caused by the 9 mm caliber was the most irregular, followed by the 
caliber .380, which presented more regular boundaries. Of the three projectiles, the 
.40 caliber showed the greatest regularity. Among the three calibers, there was a 
displacement of bone fragments, which caused small destructions to the external 
surface of the greater wing of sphenoid bone. Internally, the three projectiles showed 
greater destruction with high irregularity to the lesser wing of sphenoid bone. 
 
Energy and stress characterization 
The distribution of energy demonstrated by the von Mises stress was similar in 
all three projectiles, specifically the distributions on the surface adjacent to the wound, 
and there was a loss of intensity as the distance from the wound area increased. The 
maximum intensity was lowest in the 9 mm caliber (96.86 MPa), greater in the .380 
caliber (108.4 MPa), and greatest in the .40 caliber (110.3 MPa). 
Figure 3 demonstrates that several stress propagations with different 
magnitudes arose during the simulation, particularly after the bullets’ penetration. The 
stress distribution presented complex patterns of stress distributions in the temporal 
bone. Specifically, the maximum stressed areas in the bone were located at the 
borders of the wound (where the impact was produced) and with less intensity at the 
adjacent areas. 
 
 
 
 
 
 
A 
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Figure 4. Stress distribution after the impact of the three projectiles. A)9mm; B).380; 
and C).40. 
 
The stress distribution was due to the energy transfer of the projectile to the 
bone, which characterized the loss of kinetic energy upon impact. Each projectile 
resulted in minor losses but with greater differences after performing an analysis 
among them. The energy loss was consistent with the intensity of the stress, and the 
A 
B 
C 
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projectile with the least loss of energy was the 9 mm, followed by the .380. The greatest 
loss was in the .40 caliber (Table 3). 
 
Table 3. Loss of kinect energy after bone penetration (in Joules). 
Projectile caliber Initial energy Final energy Energy loss 
9 mm Luger 438.24 422.09 16.15 
.380  255.46 237.11 18.35 
.40 S & W 524.7 490.40 34.3 
 
 
Finite element models can provide interesting tools to forensic scientists 
regarding craniofacial lesions when different mechanisms need to be evaluated. 
Research has attempted to develop numerical and experimental methods to predict 
the biomechanical behavior of head-related GSW injuries for forensic and clinical 
applications [10].  
Currently, these simulations are performed on animals, human cadavers and 
artificial materials having properties similar to human tissue. However, the use of 
animals and humans is limited due to ethical concerns. Recently, in addition to 
experimental methods, FEA has also been used for simulations on injuries caused by 
gunshots [12,18,15]. 
Furthermore, since ballistic experiments are performed in animals or human 
cadavers, they cannot be reproduced on the same anatomical region in subsequent 
re-tests to analyze other conditions [12]. In this study, however, we used the same 
finite element model of the human skull to perform three computational simulations of 
gunshots in the same location (temporal bone) with three different projectiles (9 mm, 
.380 and .40). The temporal bone was selected due to the high incidence of gunshot 
wounds to this region [4-6]  
In this study, the simulations of gunshots with three projectiles showed a smaller 
diameter to the external bone surface than the internal bone surface; on the external 
surface, the three projectiles caused circular entry wounds but with differences in the 
regularity of the outlines. These features were expected on a bone plane such as the 
temporal bone, in which the entry wounds of projectiles are rounded and regular on 
the external surface and irregular and larger on the internal surface with a well-defined 
internal bezel. 
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The wound caused by the .40 caliber showed the greatest regularity, and the 9 
mm showed the most irregularity, which was followed by the .380 caliber, with a more 
regular contour. The .40 caliber showed the greatest regularity among the three. In all 
three cases, there was a displacement of bone fragments, which caused small 
destructions on the external surface of the greater wing of the sphenoid bone. Matoso 
et al. (2014) [12] performed simulations of gunshots by projectiles with the same caliber 
in the region of the glabella. The study found that the .40 caliber resulted in an irregular 
round wound, and the 9 mm caused an irregular triangular wound. Additionally, the 
.380 caliber caused an irregular triangular wound. Despite the fact that the same 
projectiles were used in both studies, the differences in the appearance of the wounds 
should be related to the morphological aspects of the impact area, i.e., bone 
morphology of the area of study for the simulations of the shots. 
The distributions of energy demonstrated by the dissipation of the von Mises 
stress were similar in all three cases, but it was highest in the .40 caliber (110.3 MPa). 
This finding was also shown in a study by Matoso et al. (2014) [12], and according to 
the authors, this behavior could have been associated with the difference in the shape 
of the tip of the projectile; the.40 S & W caliber has a flat nose, while the 9619 mm 
Luger and .380 have round tips. Therefore, the surface of the.40 projectile was greater 
than the surface of the other two projectiles, and the von Mises stress were higher in 
the simulated shots with the flat projectile points, as demonstrated by the higher energy 
dissipation. 
 
CONCLUSION 
In conclusion, the computational simulations contributed to the understanding 
of wounds caused by three different firearm projectiles (9 mm, .40 and .380) to the 
temporal bone. While all three wounds had rounded and regular shapes, differences 
were found among the three contours, and similarities in stress were found among the 
three cases. For all three projectiles, the energy distributions were similar on the 
surface adjacent to the wound with a loss of intensity as the distance from the wound 
area increased, but they were highest in the .40 caliber. 
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3 CONCLUSÃO 
As simulações permitiram concluir que: 
 As três feridas apresentaram formato arredondado e regular, com 
presença de bisel na lâmina cortical interna, o que coincide com o esperado em 
condições reais; 
 As feridas apresentaram diferenças na regularidade de contorno, sendo 
que a causada pelo calibre 9 mm foi a mais irregular; 
 As tensões de von Mises foram semelhantes nas três simulações, com 
distribuição na superfície adjacente à ferida, com perda de intensidade conforme o 
distanciamento da área da ferida; 
 O calibre .40 S & W apresentou maior intensidade de dissipação de 
energia; 
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ANEXOS 
ANEXO 1: Comprovante de Submissão 
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ANEXO 2: Certificação do Comitê de Ética 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
